Rietveldite (IMA2016-081), Fe(UO 2 )(SO 4 ) 2 ·5H 2 O, is a new uranyl sulfate mineral described from three localities: Giveaway-Simplot mine (Utah, USA), Willi Agatz mine (Saxony, Germany) and Jáchymov (Western Bohemia, Czech Republic). The mineral rarely occurs in blades up to 0.5 mm long, in association with other post-mining supergene uranyl sulfates and U-free sulfates. Rietveldite is orthorhombic, space group Pmn2 1 , a = 12.9577(9), b = 8. (58)(210) octahedra, which share vertices with SO 4 tetrahedra resulting in a heteropolyhedral sheet parallel to {010}; adjacent sheets are linked by hydrogen bonding only. The uranyl sulfate chains are the same as those in the structures of several other uranyl sulfate minerals. Rietveldite is named for Hugo M. Rietveld (1932Rietveld ( -2016.
Introduction
Uranyl sulfates are common supergene alteration products formed by oxidation-hydration weathering of uraninite (Plášil 2014 ) associated with sulfides, such as pyrite or chalcopyrite (Finch and Murakami 1999; Krivovichev and Plášil 2013) . More specifically, in old mining workings, oxidizing weathering of sulfides generates low-pH solutions that react with coliform uraninite, also known
The new mineral, rietveldite (/'ri:t veld ait/), is named in honor of prominent Dutch crystallographer Hugo M. Rietveld (1932 Rietveld ( -2016 . For much of his scientific career, Hugo Rietveld was involved in the study of uranium compounds (Rietveld 1966; Loopstra and Rietveld 1969) . In 1967, he developed a program for the refinement of neutron diffraction data (Rietveld 1967 (Rietveld , 1969 ). The refinement approach, now well-known as the Rietveld method, was further developed for the refinement of crystal structures from powder X-ray diffraction data and for the quantitative phase analysis (Young 1993) .
The mineral description is based on four cotype specimens. Two cotypes from the Giveaway-Simplot mine are deposited in the collections of the Natural History Museum of Los Angeles County, 900 Exposition Boulevard, Los Angeles, CA 90007, USA, catalogue numbers 66291 and 66292. One cotype from the Willi Agatz mine is deposited in the collections of the TU Bergakademie Freiberg, Akademiestrasse 6, Freiberg, 09599, Germany, catalogue number 84140. The last cotype from Jáchy-mov is deposited in the collections of the Department of Mineralogy and Petrology, National Museum, Cirkusová 1740, 193 00 Prague 9, Czech Republic, catalogue number P1N 45564.
Occurrence

Giveaway-Simplot mine (Utah, USA)
The mineral was found on specimens collected underground in the Giveaway-Simplot mine (37.552500 N 110.282778 W), in the White Canyon mining district, San Juan County, Utah, USA. The Giveaway-Simplot mine is located on the east side of Red Canyon. The geology of this deposit is similar to that of the Blue Lizard, some 1.4 km to the NE (Chenoweth 1993; Kampf et al. 2015c) . Mineralized channels occur in the Shinarump Member of the Chinle Fm. The Shinarump Member consists of medium-to coarse-grained sandstone or conglomeratic sandstone beds and thick siltstone lenses. Ore minerals were deposited as replacements of wood and other organic material and as disseminations in the enclosing sandstone. Since the mine closed, oxidation of primary ores in the humid underground environment has produced a variety of secondary minerals, mainly sulfates, as efflorescent crusts on the surfaces of mine walls. Rietveldite is a rare mineral in the secondary uranyl sulfate mineral assemblages. It has been found on asphaltum in association with ferricopiapite, gypsum, römerite and shumwayite (Kampf et al. 2017 ) and on pyrite-impregnated sandstone in association with gypsum, halotrichite and römerite.
Willi Agatz mine (Saxony, Germany)
Small crystals of rietveldite occur very sparsely on the +50 m level, Willi Agatz mine, Gittersee mining field, Dresden, Sachsen (Saxony), Germany (51.004941 N, 13.693927 E) as a weathering product of uraniumbearing coal and pyrite. Mining of Upper Carboniferous coal for energy production started in 1950. During the periods 1952-1955 and 1968-1989 , the coal was mined for the production of uranium. The mine was closed in 1990. Sedimentary rocks in the coal basin include, among others, shales, siltstones, sandstones, conglomerates, and pyroclastics. The U content in the coal and carbon-rich shale differs locally and according to the coal type; average values range from 0.1 to 0.5 %, with a maximum of 1 % U 3 O 8 (Thalheim et al. 1991; Reichel and Schauer 2006) . Rietveldite at the Willi Agatz mine is associated with halotrichite, krausite, melanterite, native sulfur and voltaite. 
Jáchymov (Western Bohemia, Czech Republic)
Rietveldite was identified on one historical museum sample from the Jáchymov ore district, Western Bohemia, Czech Republic. The Jáchymov ore district is a classic example of an Ag-As-Bi-Co-Ni-U hydrothermal vein type deposit (Ondruš et al. 2003) . The ore-bearing veins cut medium-grade metasedimentary rocks of Cambrian to Ordovician age, intruded by a Variscan granitic pluton. The majority of the primary ore minerals were deposited from mesothermal fluids associated with Variscan mineralizing processes. About 450 minerals have been described from this ore district to date, including an extremely diverse assemblage of supergene minerals (Hloušek et al. 2014) , among which are fifty for which Jáchymov is the type locality. Rietveldite occurs in strongly altered gangue in association with rozenite, shumwayite (Kampf et al. 2017 ) and an as yet unnamed Al-uranyl sulfate.
Physical and optical properties
Rietveldite crystals from the Giveaway-Simplot mine are thin blades. Those found growing on asphalt are up to 0.5 mm long and are grouped in subparallel to random intergrowths. Those found on pyrite-impregnated sandstone are much smaller, to 0.1 mm, and form sprays (Fig. 1) . Thin blades are elongated on [001] and flattened on {010} (Fig. 2) . Crystals from the Willi Agatz mine are acicular to ruler-shaped blades up to 0.5 mm in length (Fig. 3) , usually growing in radiating aggregates and intimately intergrown with halotrichite (Fig. 4) . Rietveldite from Jáchymov occurs as microcrystalline (powdery) ag- 
Thermal analysis of rietveldite
Thermal analysis (thermal-gravimetry, TG) of rietveldite from Jáchymov was carried out by means of a StantonRedcroft TG-750 thermobalance (Fig. 7) (Fig. 6) .
The color of individual crystals is brownish yellow; powdery aggregates have yellowish-beige color. The mineral has a white streak. Crystals are transparent (individual crystals) to translucent (in aggregates) with a vitreous luster. They are brittle, with a good cleavage on {010}, fair cleavages on {100} and {001}, and curved fracture. Rietveldite is easily soluble in room-temperature H 2 O. The Mohs hardness is estimated at 2. The calculated density is 3.274 g/cm 3 based on the unit-cell dimensions from single-crystal X-ray data and on the empirical formula from electron-microprobe analyses; the measured density 3.31 g/cm 3 was obtained by floatation in methylene iodide (for material from Giveaway-Simplot mine). Rietveldite does not show fluorescence under either long- (Faculty of Science, Masaryk University, Brno) with five wavelength dispersive spectrometers. Analytical conditions were: 15 kV accelerating voltage, 2 nA beam current and a beam diameter of 2 μm. Counting times were 20 s both on peak and background for each element. Raw X-ray intensities were corrected for matrix effects with a φρ(Z) algorithm (Pouchou and Pichoir 1985) .
The empirical formula for rietveldite from the Giveaway-Simplot mine is (Fe 0.79 
Chemical composition
The chemical composition of rietveldite was determined using different analytical facilities for materials from the three individual localities.
Material from the Giveaway-Simplot mine (Tab. 1) was analyzed using a Cameca SX-50 electron microprobe (University of Utah) with four wavelength dispersive spectrometers and using Probe for EPMA software (Probe Software, Inc.). Analytical conditions were 15 kV accelerating voltage, 10 nA beam current and a beam diameter of 5 μm. Counting times were 20 s on both peak and background for each element. Raw X-ray intensities were corrected for matrix effects with a φρ(Z) algorithm (Pouchou and Pichoir 1985) .
Chemistry of rietveldite from Willi Agatz mine was determined by means of an electron microprobe (Camebax, WDX mode, 10 kV, 10 nA).
The chemical composition of rietveldite from Jáchymov was determined using a Cameca SX-100 electron microprobe 
Vibration spectroscopy
Raman spectroscopy
The Raman spectrum of rietveldite (Jáchymov sample) was collected in the range 3580-45 cm -1 using a DXR dispersive Raman spectrometer (Thermo Scientific) mounted on a confocal Olympus microscope (Fig. 8) . The Raman signal was excited by a green 532 nm diode-pumped solid-state laser and detected by a CCD detector. The experimental parameters were: 10× objective, 1 s exposure time, 1000 exposures, 900 lines/mm grating, 50 μm pinhole spectrograph aperture and 4 mW laser power level (limited to avoid possible thermal destruction of sample). The instrument was set up by a software-controlled calibration procedure using multiple neon emission lines (wavelength calibration), multiple polystyrene Raman bands (laser frequency calibration) and standardized white-light sources (intensity calibration). Spectral manipulations were performed using the Omnic 9 software (Thermo Scientific).
The general features of the vibration spectra of uranyl sulfate minerals and their characteristics were thoroughly reviewed by Čejka (1999) . In the structure of orthorhombic rietveldite, space group Pmn2 1 -C 7 2v
, Z = 4, there are present one symmetrically distinct U 6+ , two symmetrically distinct Fe 2+ , and two symmetrically distinct S 6+ . According to Serezhkina et al. (1979) , observed numbers of IR/RA bands are lower than expected from site and factor group analyses. This may be caused by overlapping of corresponding bands and/or limited resolution power of the instrument used. Observed Raman and infrared bands are comparable and in agreement with those of synthetic M 2+ (UO 2 )(SO 4 ) 2 ·5H 2 O Serezhkin and Serezhkina 1982) .
The main bands observed are (wavenumbers, in cm -1 ): 3543, 3476, 1616, 1206, 1181, 1110, 1083, 1044, 1018, 991, 862, 659, 641, 602, 466, 441, 365, 336, 266, 249, 234, 222, 206, 186, 148, 133, 107, 94 2 Powder data obtained using a Rigaku R-Axis Rapid II curved imaging plate microdiffractometer with monochromatized MoK α radiation; a Gandolfi-like motion on the ϕ and ω axes was used to randomize the sample; observed d spacings and intensities were derived by profile fitting using JADE 2010 software (Materials Data, Inc.); unit cell parameters were refined from the powder data using a whole-pattern fitting Rietveld analysis in JADE 2010 3 Powder data (for conditions see text) 4 Single-crystal data obtained Rigaku/Oxford Diffraction SuperNova diffractometer with Atlas S2 CCD detector and using MoK α radiation from the microfocus source Tab. 5 Crystallographic data and refinement details for rietveldite from the Giveaway-Simplot mine can be assigned to lattice modes.
Crystal data
R int = Σ|F o 2 -F o 2 (mean)|/Σ[F o 2 ]. GoF = S = {Σ[w(F o 2 -F c 2 ) 2 ]/(n-p)} 1/2 . R 1 = Σ||F o |-|F c ||/Σ|F o |. wR 2 = {Σ[w(F o 2 -F c 2 ) 2 ]/Σ[w(F o 2 ) 2 ]} 1/2 ; w = 1/[σ 2 (F o 2 )+(
Infrared spectroscopy
The infrared vibrational spectrum of rietveldite (Jáchymov sample) was collected in the range 4000-400 cm -1 using Fourier-transform infrared spectrometer Nicolet iS50 on built-in attenuated total reflectance accessory with monolithic diamond crystal (Thermo Scientific), DTGS special detector. Spectral manipulations were performed using the Omnic 9 software (Thermo Scientific). The main bands (Fig. 9 ) observed are (wavenumbers, in cm -1 ): 3587, 3516, 3284 3228, 1616, 1200, 1176, 1095, 1078, 1041, 1007, 985, 924, 855, 708, 655, 633, 598, 512 and 466 cm -1 . Infrared bands and shoulders observed at 3587, 3516, 3284 and 3228 cm -1 are assigned to the ν O-H stretching vibrations of hydrogen bonded structurally non-equivalent H 2 O molecules. Approximate O-H···O hydrogen bond lengths vary in the range from >3.2 to 2.72 Å (Libowitzky 1999) . A band at 1616 cm -1 is assigned to the ν 2 (δ) bending vibrations of H 2 O molecules. Bands at 1200(sh), 1176(sh), 1095, 1078 and 1041(sh) are attributed to the triply degenerate ν 3 (SO 4 ) 2-antisymmetric stretching vibrations, and those at 1007 and 985 cm -1 to the ν 1 (SO 4 ) 2-symmetric stretching vibrations. Infrared band at 924 cm -1 is connected with the ν 3 (UO 2 ) 2+ antisymmetric stretching vibrations and that at 855 cm -1 to the Tab. 6 Atom coordinates and displacement parameters for the crystal structure of rietveldite from the Giveaway-Simplot mine 0.029 (7) 0.053 (9) 0.000 (7 Brown and Altermatt (1985) ; U 6+ -O from Burns et al. (1997) ; hydrogen-bond strengths based on O-O bond lengths from Ferraris and Ivaldi (1988) D8 Advance diffractometer equipped with a solid-state 1D LynxEye detector using CuK α radiation (40 kV and 40 mA) and operating in BraggBrentano geometry (National Museum, Prague). Data were collected in the range 4-75° 2θ, with the step size of 0.01° and counting time of 30 s per step (total counting time was c. 3 days). Positions and intensities of diffractions were refined using a PearsonVII shape function in the program ZDS (Ondruš 1993) . Unit-cell parameters were refined by least-squares with the program by Burnham (1962) . Refined unit-cell parameters of rietveldite from Jáchymov obtained from powder data are: a = 12.9557(5), b = 8.3098(3), c = 11.2915(4) Å, with V = 1215.64(6) Å 3 and Z = 4. 
Single-crystal X-ray diffraction and structure solution
A prismatic single crystal of rietveldite from Giveaway-Simplot, with dimensions 0.18 × 0.09 × 0.005 mm 3 , was selected under the microscope and diffraction data were collected using a Rigaku R-Axis Rapid II curved imaging plate microdiffractometer with monochromatized MoK α radiation. According to diffraction data, rietveldite is orthorhombic with a = 12.9577(9), b = 8.3183(3), c = 11.2971(5) Å, with V = 1217.7(1) Å 3 and Z = 4 (Tab. 4). The Rigaku CrystalClear software package was used for processing the structure data, including the application of an empirical multi-scan absorption correction using ABSCOR (Higashi 2001) .
The crystal structure of rietveldite was solved using SIR2011 (Burla et al. 2012 ). The software SHELXL-2013 (Sheldrick 2015) was employed for the refinement of the structure. The reflection conditions and statistics indicated orthorhombic primitive cell and the non-centrosymmetric space group Pmn2 1 . The structure solution located all non-hydrogen atoms, which were refined with anisotropic displacement parameters. The Fe1 site refined to full occupancy by Fe and the Fe2 site refined to 0.65 Fe and 0.35 Zn. All other sites were assigned full occupancies. The H atoms locations could not be found in the difference Fourier maps. Data collection and refinement details are given in Tab. 5, atom coordinates and displacement parameters in Tab. 6, selected bond distances in Tab. 7, and results of a bond valence analysis in Tab. 8.
Description of the crystal structure
The U site in the structure of rietveldite is surrounded by seven O atoms forming a squat UO 7 pentagonal bipyramid. This is the most typical coordination for U 6+ in solid state, particularly in uranyl sulfates, where the two short apical bonds of the bipyramid constitute the uranyl group, (UO 2 ) 2+ . (Fig. 10) .
